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Abstract Native cellulose nanofibrils (CNF) were
prepared from bleached birch pulp without any
chemical or enzymatic pretreatment. These CNF were
modified by adsorption of a small amount of water-
soluble polysaccharides and used to prepare nanopa-
pers, which were processed into composites by
lamination with an epoxy resin and subsequently
cured. The results were compared to the properties of
composites prepared using bacterial cellulose nanopa-
pers, since bacterial cellulose constitutes highly pure
and crystalline cellulose. It was found that both types
of nanopapers significantly improved both the thermal
stability and mechanical properties of the epoxy resin.
As anticipated, addition of only 2 wt% of water-
soluble polysaccharides efficiently hindered crack-
propagation within the nanopaper and significantly
improved the tensile strength and work of fracture
compared to composites containing a conventional
nanopaper reinforcement. The mechanical properties
of the composites thus reflected the improvement of
the nanopaper properties by the polysaccharides.
Moreover, it was possible to predict the properties of
the final composite from the mechanical performance
of the nanopapers.
Keywords Nanocellulose  Bacterial cellulose 
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Introduction
During the last decades natural fiber composites have
gained renewed attention due to environmental issues
associated with conventional composites produced
from synthetic materials (Moon et al. 2011; Blaker
et al. 2014;Mariano et al. 2014). Even though progress
was made in recycling of high performance compos-
ites, these types of materials still pose significant
waste issues (Montrikittiphant et al. 2014; Pimenta
and Pinho 2011). Thus, composites based on renew-
able resources, utilizing clean and cheap production
routes have been proposed as an alternative (Lee et al.
2012c). Among the most promising approaches iden-
tified for the production of high performance
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renewable composites was the use of cellulose
nanofibrils as reinforcement for polymers (Lee et al.
2014a).
Recently, cellulose nanofibrils (CNF) with diame-
ters at the nanoscale received much attention due to
their outstanding chemical and mechanical properties
(Chen et al. 2010; Lee et al. 2012a; Klemm et al.
2011). They were utilized for a wide range of
applications (Klemm et al. 2011), such as membranes
(Mautner et al. 2014, 2015), flame-retardant and fire-
protection applications (Carosio et al. 2015, 2016; Liu
and Berglund 2013) and in particular for the produc-
tion of composites (Blaker et al. 2011; Lee et al.
2009, 2012b c, 2014b; Nogi and Yano 2008; Lee and
Bismarck 2012; Eichhorn et al. 2010; Pommet et al.
2008; Wan et al. 2006). Accordingly, numerous
approaches to utilize CNF in composites have been
proposed and tested. One approach to utilize the
potential of CNFwas to directly reinforce a soft matrix
with small amounts of CNF, which resulted in
improved strength of the composites provided that
the affinity between matrix and cellulose fibrils was
high enough. Mikkonen et al. (2011) utilized
5–15 wt% of CNF to reinforce spruce O-acetyl
galactoglucomannan films while Peng et al. (2011)
and Hansen et al. (2012) reinforced xylan films.
Additionally, chitosan based and thermoplastic starch
composites were reinforced by CNF (Tome´ et al.
2013): Addition of 10–20 wt% of CNF was sufficient
to improve the thermal stability and mechanical
properties of the composites, i.e. the Young’s modulus
and the tensile strength improved significantly at the
expense of the ductility of the composite. To manu-
facture hierarchical composites, cellulose microfibers
were combined with CNF (Lee et al. 2012a, 2014c),
but also utilization of CNF as sole reinforcing agent
was considered a possible track en route to high
performance composites (Eichhorn et al. 2010).
The best results have been obtained using a
biomimetic approach; introducing a very high loading
of CNF in a small amount of a soft polymer. While the
CNF matrix provides stiffness and strength, the role of
the soft polymer is to dissipate energy and hinder crack
propagation, thus improving toughness. This ulti-
mately aims at exceeding the mechanical properties of
the individual constituents of the composite. For
example, a cationic block-co-polymer was combined
with highly negatively charged CNF, resulting in
synergistic effects (Wang et al. 2011; Sehaqui et al.
2013). Unfortunately, this led to the removal of water
from the CNF gel due to ionic interactions between
cationic polymer chains and anionic fibrils resulting in
fibril aggregation. CNF aggregation easily leads to
defects in the composite, therefore it is very important
to control the interactions between the individual
fibrils and avoid aggregation (Benı´tez et al. 2013).
Thus, approaches utilizing non-ionic interaction
between a polymer matrix and cellulose have been
suggested, e.g. CNF were combined with poly(ethy-
lene glycol) grafted carboxymethyl cellulose (Ol-
szewska et al. 2013a, b). Furthermore, bacterial
cellulose (BC) was combined with hydroxyethyl
cellulose (Zhou et al. 2009). Within these systems,
the contact points between fibrils during film forma-
tion were lubricated by the water-swollen polysac-
charides, leading to the formation of strong films.
Further aligning the fibrils did substantially improve
the strength and stiffness of the composite in one
direction (Sehaqui et al. 2012).
While there have been extensive efforts to prepare
thin nanopapers and composites from CNF, there are
only a few reports where these nanopapers have been
used to prepare (nano)paper based laminated compos-
ites to utilize the CNF properties. This would be of
outmost practical importance. The use of nanopapers
as reinforcement for polymers was first demonstrated
by Yano (Yano et al. 2005; Nakagaito and Yano
2005). Henriksson and Berglund (2007) later prepared
nanopaper-composites with a water-soluble mela-
mine–formaldehyde resin while Lee et al. (2012c),
Ansari et al. (2014) and Aitoma¨ki et al. (2016)
manufactured epoxy composites by vacuum infusion
and impregnation, respectively. However, as of yet,
not much research has focused on the effect of the
nanopaper properties on composite properties. We
hypothesize that the properties of the nanopaper
reinforcement strongly affect the properties of the
composite in multi-layer laminates. It would be very
desirable to have a process at hand in which the
mechanical properties of final multi-layer composites
were defined by the mechanical performance of the
nanopaper base.
It was previously found that adding only 2 wt% of
water-soluble polysaccharides to a suspension of CNF
significantly improves the dry and wet strength of
CNF nanopapers (Lucenius et al. 2014). In this study,
we aimed to make use of this increased nanopaper
strength for production of multi-layer, laminated paper
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based composites with improved mechanical and
thermal stability. Furthermore, it was our aim to
demonstrate a process resulting in pre-
dictable nanocomposite properties. Nanocomposites
were prepared by lamination of nanopapers. The
production of these nanopaper laminates and their
characterization are reported. Furthermore, compos-
ites based on bacterial cellulose (BC) nanopapers were
produced as control and compared with the CNF
nanopaper composites. The reasons behind the
observed effects were discussed.
Experimental
Materials
Cellulose nanofibrils (CNF) were prepared by disinte-
gration of unmodified never dried industrial bleached
birch pulp. The pulp was passed six times through a
high-pressure fluidizer (Microfluidics, M-110Y,
Microfluidics Int. Co., Newton, USA) following a
procedure described previously (O¨sterberg et al. 2013).
The CNF had diameters ranging between 5 and 100 nm
but the majority of the fibrils were in the range of
5–20 nm with a few larger fibril bundles being present.
The length of the fibrils was a fewmicrometers. No loss
of mass was observed during the fibrillation process.
Commercially available bacterial cellulose was kindly
supplied by fzmb GmbH (Bad Langensalza, Germany)
in the form of wet pellicles containing 92 wt% water.
The diameter of BC was found to be approximately
50 nm with fibril lengths of up to several micrometers
(Lee and Bismarck 2012).
Two types of water-soluble polysaccharides (WSPS)
were introduced into the CNF network. Commercial
guar gum galactomannan (GG, Mw[ 1000 kDa) from
Sigma Aldrich (Lot#041 M 0058 V, Pcode
10011170894) was used after enzymatic modification.
Spruce galactoglucomannan (GGM, Picea abies, Mw
20–60 kDa) was extracted from the process water of a
Finnish pulp mill in an industrial-scale isolation trial
after ethanol precipitation (Xu et al. 2008). Enzymes
were used to hydrolyze and oxidize GG. Endo-1,4-b-
mannanase (Lot 00803, from Aspergillus niger, EC
number 3.2.1.78, 42 U mg-1) was purchased from
Megazyme (Wicklow, Ireland), galactose oxidase (GO,
G7400, 3685 U g-1, EC 1.1.3.9), catalase (from bovine
liver, C30, 22,000 U mg-1) and horseradish peroxidase
(HRP, P8250, type II, 181 U mg-1) from Sigma-
Aldrich.
Epoxy resin (Araldite LY 556) and amine hardener
(XB 3473) were purchased from Mouldlife (Suffolk,
UK). The water used for all experiments was deion-
ized and further purified in a UV unit (Synergy
Millipore, Molsheim, France). NaNO3 and NaBD4
were purchased from Aldrich and used as received.
Methods for CNF modification, nanopaper
and composites production and testing
Hydrolysis and oxidation of GG
Endo-1,4-b-mannanase was used to partially hydro-
lyze GG. GG was dissolved in deionized water to
produce a 1.0% (w/v) solution, the enzyme added and
the solution incubated at 40 C in a water bath for 4 h.
In order to deactivate the enzyme it was heated to
100 C for 10 min. The samples were centrifuged at
5000 rpm and the supernatant was collected and
freeze-dried.
Hydrolyzed GG was enzymatically oxidized
(OGG) whereby the dosage of the enzymes was based
on the amount of galactose present in the GG sample:
1.50 units (U) of GO, 150 U of catalase and 0.9 U of
HRP per mg of galactose (Lucenius et al. 2014;
Parikka et al. 2010). 1% (w/v) solutions of GG were
stirred in the presence of the enzymes at ?4 C for
72 h. Afterwards the sample was heated to 90 C
while mixing in order to inactivate the enzymes.
Determination of the molecular weight and the degree
of oxidation of GG
The molecular weight (Mw) of GG hydrolyzed with
mannanase was determined using size exclusion
chromatography (SEC). Mw was calculated using a
dn/dc value of 0.15 mL g-1. The hydrolyzed GG was
dissolved in 0.1 M NaNO3 by stirring for 7 d and
filtered through a 0.45 lm filter. The method is
described in detail by Parikka et al. (2010).
Gas chromatography mass spectrometry (GC–MS)
was used to determine the degree of oxidation (DO).
Briefly, the samples (1 mg of polysaccharide) were
deuterium labelled with NaBD4, precipitated and acid
methanolyzed. GO was used to selectively oxidize the
galactosyl units of GG. The degree of oxidation was
calculated as described in literature (Parikka et al. 2010).
Cellulose (2017) 24:1759–1773 1761
123
Nanopaper preparation
To avoid nanofibril aggregation, the CNF suspension
was diluted to 0.8 wt% (105 mL, corresponding to a
dry mass of 0.84 g) and mixed overnight using a
magnetic stirrer. To this suspension, 2 wt% (based on
CNF dry content) of water soluble polysaccharides
OGG or GGM, respectively, were added and further
stirred for 24 h to ensure homogeneity (Lucenius et al.
2014). Sequential filtering and pressing (O¨sterberg
et al. 2013) was used to prepare the CNF-WSPS
nanopapers. CNF-nanopapers with grammages of
60 g m-2 were prepared.
Nanopapers from BC were prepared as previously
reported (Mautner et al. 2015; Lee et al. 2012c).
Briefly, the BC pellicles were first cut into small pieces
(with a length of approximately 5–10 mm) and
blended (Breville VBL065-01, Oldham, UK) for
2 min at a consistency of 0.2 wt% in deionized water
to produce a homogeneous suspension of BC-in-water.
These suspensions were then vacuum-filtered onto a
cellulose filter paper (VWR 413, 5–13 lm pore size,
Lutterworth, UK). The wet filter cake was wet-pressed
under a weight of 10 kg between blotting papers
(3MM Chr VWR, Lutterworth, UK) for 5 min to
further remove excess water. These wet filter cakes
were then consolidated and dried in a hot-press (25-
12-2H, Carver Inc., Wabash, USA) under a compres-
sion weight of 1 t for 1 h at 120 C by sandwiching the
wet filter cakes between fresh blotting papers and
metal plates. BC-nanopapers with grammages of
50 g m-2 were prepared.
Preparation of nanopaper based composites
Composites were manufactured by laminating
nanopapers with a two-component epoxy resin. Com-
mercially available epoxy resin Araldite LY 556 plus
23 phr amine hardener XB 3473 were mixed and
degassed under vacuum at 80 C for 10 min. Two
nanopapers (diameter 120 mm) were laminated using
a K Printing Proofer (RK PrintCoat Instruments Ltd,
Hertfordshire, UK) at room temperature by applying a
50 lm layer of epoxy resin in between two nanopa-
pers. After lamination the nanopaper-epoxy laminate
was sandwiched between two Teflon films in a
custom-made mold and placed into a hot-press. The
hot-press was heated to 120 C. When reaching this
temperature the sandwich was pressed at 2 t for 2 h.
Afterwards the temperature was increased to 180 C
for an additional 2 h. The composite was de-molded
after cooling under pressure to room temperature.
From the final composites, strips with dimensions of
40 9 5 mm2 were cut with a lab paper cutter.
Mechanical properties of the composites
Dynamic Mechanical Analysis of the composites was
performed with a G2 RSA (TA Instruments, Eschborn,
Germany) in three point bending mode. Specimens
sized 40 9 5 mm2 were cut from the composites and
tested between -50 and 250 C at 3 C min-1 and a
frequency of 1 Hz, an applied strain of 0.05% and a
span distance of 25 mm.
Tensile properties of the composites were deter-
mined on at least five specimens for each material at
25 C and 50% RH using a 5969 Dual Column
Universal Testing System (Instron, Darmstadt, Ger-
many) equipped with a 1 kN load cell. The thickness of
the composites was measured for each specimen
before each test at ten different spots using a digital
micrometer (705–1229, RS components, Corby, UK).
The gauge length was 20 mm and the testing velocity
0.5 mm min-1.
Morphology of the composites
The morphology of CNF-GGM composite films was
studied using a high resolution scanning electron
microscope (JEOL JSM-7500FA, Tokyo, Japan) in the
Nanomicroscopy center at Aalto University and a
Benchtop SEM (Jeol JCM-6000 Neoscope) in Vienna.
The samples were freeze-dried in liquid nitrogen and
fractured in half using tweezers while in the liquid
nitrogen bath. Dust and loose particles were removed
from the samples by blowing with nitrogen. A thin
layer of gold/palladium (Emitech K100, Aalto) or gold
only (JEOL JFC-1200 Fine Coater, Vienna) was
sputtered on the sample surface to ensure sufficient
electrical conductivity.
Thermal degradation behavior of nanopapers
and composites
The thermal degradation behavior of nanopapers and
composites in nitrogen and air, respectively, was
investigated using a high resolution modulated TGA
(Discovery TGA, TA Instruments, Eschborn,
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Germany). A sample size of approximately 5 mg was
used. The samples were heated from 30 to 650 C at a
heating rate of 10 C min-1 and a gas flow rate of
25 mL min-1. The onset of degradation was com-
puted to be the temperature at which the mass loss rate
was exceeding 0.2% per C.
Results and discussion
A small amount of water-soluble polysaccharides
(WSPS) as low as 2 wt% was introduced into the fibril
network of non-pretreated CNF nanopapers and their
influence on the thermal and mechanical performance
of laminated nanopaper-epoxy composites evaluated.
The polysaccharides studied were the mannans GGM
and GG, which contain ca. 10 and 40% terminal a-D-
galactosyl residues, respectively. These residues are
directly attached to the C-6 of the mannosyl units of
the backbone (Wielinga 2009). GG was hydrolyzed to
reduce the molecular weight and enzymatically oxi-
dized at the C-6 position of the mannosyl units to
improve the mechanical performance (Lucenius et al.
2014). The effect of the polysaccharides used to
modify the CNF and the differences between BC,
constituting highly pure and crystalline cellulose, and
modified CNF on the nanopaper and composite
properties are discussed.
Structure and properties of the WSPS
and nanopapers
WSPS GGM was utilized in its unmodified state,
whereas low molecular weight GG was prepared by
partial hydrolysis with b-mannanase (Lucenius et al.
2014). The Mw of the hydrolyzed GG, as determined
by size exclusion chromatography, was approximately
30 kDa as compared to 1000 kDa before hydrolysis
(Wielinga 2009).
Hydrolyzed GG was subsequently oxidized
(Scheme 1) with galactose oxidase (GO), catalase
and horseradish peroxidase (HRP) (Parikka et al.
2010). The degree of oxidation (DO) of oxidized
galactosyls in OGG was 50% (OGG-50) and 80%
(OGG-80), respectively. The total amount of oxidized
carbohydrates in hydrolyzed GG was 20 and 31%,
respectively, and the total relative amount of oxidized
galactosyls in the final modified nanopaper was found
to be 0.375 and 0.60% of total carbohydrates,
respectively. The backbone of GG remained unmod-
ified due to the selective oxidation of the galactosyls,
facilitating good compatibility with cellulose. Fur-
thermore, the viscosity of the OGG solutions was low
at both degrees of oxidation, enabling good mixing
with the CNF suspension. Extensive mixing was used
to ensure homogeneous distribution of WSPS in the
CNF suspension. Nanopapers with grammages of
60 g m-2 were produced from CNF with and without
2 wt% of GGM or OGG, respectively, and from BC
(50 g m-2) using a simple papermaking process
(Mautner et al. 2015). The final thickness of the
nanopapers was 60 ± 5 lm for (modified) CNF and
50 ± 5 lm for BC nanopapers.
The tensile strength (88 MPa) of unmodified CNF
nanopapers improved by more than 50% by CNF
modification with oxidized GG (135 MPa) or GGM
(141 MPa). This took place at the expense of stiffness,
as shown by the slight decrease of the modulus from
9 GPa for unmodified CNF to 7.9 GPa for oxidized
GG. For GGM (8.7 GPa) on the other hand no
significant modulus decrease was observed. This was
expected for WSPS modified nanopapers, in which
WSPS act as plasticizer between stiff CNF, enhancing
the ductility of the nanopaper in accordance with
previous results (Lucenius et al. 2014; Olszewska et al.
2013b). During film formation from aqueous suspen-
sions, the WSPS form a water-swollen dissipative
layer on the CNF surface (Lozhechnikova et al. 2014;
Eronen et al. 2011), thus enhancing the dispersibility
of CNF. This is crucial to avoid CNF aggregation and
defects in the final nanopaper resulting in improved
mechanical properties. For BC nanopapers, a Young’s
modulus of 8.3 GPa and a tensile strength of 144 MPa
were measured, which are values typically found for
BC nanopapers prepared without prior removal of
fibril aggregates (Lee et al. 2012c).
Multi-layer epoxy-nanopaper composites
Multi-layer composites were produced by a laminat-
ing technique impregnating (modified) CNF as well as
BC nanopapers with a two-component epoxy resin.
Resulting CNF composites had thicknesses around
100 lm and a fibril content of around 80 vol%. For
BC composites the thickness was around 90 lm and
the fibril content around 80 vol%. The reduced
thickness of the composites was explained by further
compaction of the nanopapers in the compression step
Cellulose (2017) 24:1759–1773 1763
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during composite production. The mechanical perfor-
mance of laminated nanopaper-epoxy composites as a
function of temperature was evaluated by means of
DMTA in three point bending mode.
The nanopaper-epoxy composites, as exemplarily
shown for a BC and a CNF-OGG 80 composite in
Fig. 1, exhibited the typical behavior of stiff, high
glass transition thermosets; the modulus decreases
slightly with increasing temperature and tand stays
constant at a very small value. The CNF nanopaper
based composites exhibited slightly lower modulus
compared to BC nanopaper based composites with a
stronger decrease at elevated temperatures. It was
shown that these composites can be used up to almost
their degradation temperature (see below) without
passing the glass transition region of the epoxy matrix.
The pure, cured epoxy resin follows the same principal
trend up to 170 C, but has a significantly lower
storage modulus. The storage modulus at 20 C was
2.54 GPa compared to around 17 GPa for nanopaper
composites. However, at 170 C the storage modulus
of the epoxy resin decreased significantly, while tand
increased indicating the onset of the glass transition.
The glass transition temperature (Tg), taken as the
maximum of tand, was 196 C. Thus the introduction
of nanopapers into an epoxy resin matrix not only
improved mechanical properties, but also increased
the application temperature range significantly. No Tg
of neither BC nor CNF composites could be detected
up to the onset of the degradation temperature around
250 C, at which the composites still had a storage
modulus of around 10 GPa.
The storage modulus at 20 C was used to assess
the influence of different WSPS on the mechanical
performance of laminated nanocomposites (Table 1).
As already shown for (modified) nanopapers (Luce-
nius et al. 2014), also the modulus of the composites
depended on the type of polysaccharide introduced
into the nanopaper. Composites containing an unmod-
ified CNF nanopaper reinforcement had a storage
modulus of 20 GPa, whereas for composites contain-
ing WSPS modified CNF nanopapers it was slightly
lower, indicating the capacity of WSPS to act as






Fig. 1 Storage modulus E0 and loss factor tand as function of
temperature for cured epoxy resin films (blue full line), an
epoxy-CNF-OGG 80 composite (black dotted line) and an
epoxy-BC composite (green dashed line). (Colur figure online)
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lubricant. For BC nanopapers, a storage modulus of
18.5 GPa was measured, thus being in between the
CNF nanopapers with and without WSPS
modification.
In addition to DMTA, tensile tests were performed
to determine the ultimate tensile strength, tensile
modulus, strain at break and work of fracture. The
work of fracture can be considered to be an indicator of
the toughness of the composites. Representative
stress–strain-curves from tensile tests of (modified)
CNF nanopaper based composites are shown in Fig. 2
and all results are collected in Table 1.
The ultimate tensile strength was determined to be
85 MPa for the epoxy composite reinforced by two
pure CNF nanopaper layers, compared to 36 MPa for
the pure epoxy resin. Addition of OGG with a DO of
50% to the CNF did not significantly influence the
tensile strength, while a DO of 80% for OGG led to a
significantly improved tensile strength of the
nanocomposites. This dependency on the DO was as
to be expected (Lucenius et al. 2014) and showed that
only a sufficiently high DO leads to an improved
tensile strength. This can be explained by the low total
amount of oxidized galactosyls in the composite,
whereby oxidized galactosyls create hemiacetal cross-
links between hydroxyl and aldehyde groups of CNF
andWSPS, which is likely to be the reason for stronger
nanopapers as intermolecular crosslinks formed
between fibrils. The higher the degree of oxidation
was, the higher the tensile strength of CNF nanopapers
(Lucenius et al. 2014) and correspondingly also of the
composites. The effect was more pronounced for
composites containing OGG-80 modified nanopaper
reinforcements. Crosslinking has previously been
shown to be beneficial for CNF composites (Lee
et al. 2014a). Here it was shown that it is possible to
control the mechanical properties of CNF
nanocomposites by controlling the composition and
thus mechanical properties of nanopapers.
As anticipated, the highest tensile strength among
CNF composites was observed when using CNF/GGM
nanopaper reinforcements. Accordingly, just as for the
pure nanopapers, GGM exhibited the highest rein-
forcing ability also within composites. This means that
80% of the original strength of the nanopapers was
retained in the composites, which can be expected
considering that a fibril fraction of 80 vol% was used
to reinforce the resin. Thus the hypothesis of produc-
ing better performance cellulose nanocomposites
when using better nanopapers was proven to be
correct. The introduction of only 2 wt% WSPS into
a CNF nanopaper network resulted in nanopapers with
improved mechanical properties and the preparation
of high loading fraction CNF nanocomposites from
these nanopapers led to increased tensile strength of
Fig. 2 Representative stress–strain curves for composites with
pure CNF (black dotted line), CNF/OGG-50 (red dashed line),
CNF/OGG-80 (blue dash-dotted line) and CNF/GGM (green
full line) reinforcement. The setting behavior (up to 0.2% strain)
of the specimens were due to handling difficulties owing to the
thin laminates. (Colur figure online)
Table 1 Results of DMTA and tensile tests of BC and (modified) CNF-epoxy composites: Storage modulus at 20 C, Young’s











Epoxy 2.54 ± 0.05 36.1 ± 1.7 1.6 ± 0.1 4.16 ± 0.39 0.87 ± 0.12
Epoxy ? CNF 20.0 ± 2.4 84.6 ± 4.3 12.2 ± 0.5 0.88 ± 0.09 0.34 ± 0.03
Epoxy ? CNF/OGG-50 17.2 ± 1.0 89.8 ± 3.2 12.2 ± 0.5 0.78 ± 0.09 0.35 ± 0.03
Epoxy ? CNF/OGG-80 17.4 ± 0.6 107.1 ± 6.1 10.7 ± 0.4 1.23 ± 0.17 0.63 ± 0.09
Epoxy ? CNF/GGM 17.4 ± 0.2 116.8 ± 4.5 12.0 ± 1.0 1.17 ± 0.12 0.69 ± 0.11
Epoxy ? BC 18.5 ± 0.5 150.8 ± 9.3 9.0 ± 0.1 2.76 ± 0.29 2.68 ± 0.41
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the nanocomposites. Furthermore, the extent of the
improvement could be estimated based on the
mechanical properties of the nanopapers. The increase
of the strength went hand in hand with a reduction of
the modulus, as was already demonstrated in three
point bending mode by DMTA (see above). While
there was no detectable influence of the low DOOGG-
50 on the composite modulus, for the higher DOOGG-
80 grade a slight reduction compared to pure CNF and
CNF/OGG-50 reinforced composites was observed.
For GGM a small reduction of the tensile modulus was
found. Modified CNF composites exhibited both
enhanced Young’s modulus and tensile strength
compared to a previous study (Lee et al. 2012c)
utilizing CNF nanopapers that were vacuum-infused
with a brittle epoxy resin. This improvement was
enabled by modification of the CNF by adsorbed
WSPS. The introduction of WSPS seems to affect
crack propagation in the nanopapers and thus also in
the composites. The higher modulus compared to the
nanopapers can be explained by further compaction of
the laminates and accordingly the nanopapers during
composite manufacturing.
The strain at break and work of fracture were
determined for the composites from stress–strain-
curves. For the nanopaper reinforcement modified
with low DO OGG-50 grade again no detectable dif-
ference was found compared to pure CNF, which was
explained by a too low DO leading to an insufficient
amount of hemiacetal bonds forming within the
nanopapers. For OGG-80 modified nanopaper rein-
forced composites the strain at break was significantly
higher, which, in conjunction with higher tensile
strength, resulted in significantly increased work of
fracture. The same was found for GGMmodified CNF
nanopaper based composites.
Bacterial cellulose nanopapers were also tested for
their reinforcing ability in composites. BC is purer
than wood derived CNF due to the absence of
hemicelluloses and lignin (Klemm et al. 2011).
Moreover, long, entangled and homogeneous fibrils
are responsible for good mechanical performance
(Paakko et al. 2008; Klemm et al. 2011; Lee et al.
2014b). Therefore a higher reinforcing ability com-
pared to CNF can be anticipated. This assumption was
proven correct; the tensile strength of the BC nanopa-
per composites was the highest within this study with
151 MPa. However, BC composites had a lower
tensile modulus compared to CNF nanopaper based
composites, due to lower packing efficiency caused by
thicker BC fibrils. Furthermore, hemicelluloses pre-
sent in CNF nanopapers, which are absent in BC,
enable a better stress transfer between CNF fibrils
(Iwamoto et al. 2008; Lee et al. 2012c; Gro¨ndahl et al.
2004). This was in good agreement with the DMTA
results and literature (Lee et al. 2012c). BC composites
even had higher tensile strength and modulus com-
pared to pure BC nanopapers. This can be explained
by further compaction of the nanopapers during
composite manufacturing; i.e. the composites are
thinner than 2 nanopaper layers. Moreover, a very
high strain at break and thus work of fracture was
measured for BC composites. The higher strain to
break for BC composites can be explained by fewer
physical crosslinking points between the BC nanofib-
rils, allowing for realignment of the fibrils during
tensile loading (Lee et al. 2012c) and the higher length
of BC fibrils compared to CNF. The reorientation of
the fibrils even within the composites was still possible
since the resin did not fully impregnate the BC
nanopapers because of the small pore dimensions and
low nanopaper porosity of 33%.
The fracture surfaces of the composites were
inspected by SEM. In Fig. 3, the fracture surfaces of
composites made from CNF, CNF/GGM, CNF/OGG-
50, CNF/OGG-80 and BC nanopapers are shown.
The layered structure of the nanopapers can be
easily seen. In the center of the composites, a pure,
5–10 lm thick epoxy resin phase can be observed. The
resin spreads into both nanopapers, thus ensuring good
adhesion between nanopapers and resin, as well as
holding the nanopapers together. However, the larger
part of the nanopapers was not impregnated, thus
allowing for realignment of the fibrils within the
nanopapers. This is particularly true for the nanopapers
containing WSPS, in which those polysaccharides act
as lubricant in between the nanocellulose fibrils.
In the review by Lee et al. (2014b) poly-L-lactic
acid (PLLA) was used as a benchmark because it is the
best performing commercially available renewable
bulk polymer. Compared to the PLLA standard,
having a tensile modulus of 4 GPa and tensile strength
63 MPa, all the reinforced samples studied here well
exceeded the mechanical properties of PLLA. If
compared to other BC or CNF reinforced composites
we note that especially the Young’s modulus obtained
for the GGM modified CNF nanopaper laminates
exceeded most of the previously reported results, but
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the tensile strength was average. Other groups
reported much higher values (Ansari et al. 2014;
Henriksson et al. 2008; Sehaqui et al. 2010; Zhou et al.
2009), but since these have been obtained for thin
nanopapers of chemically pre-treated CNF, they are
not fully comparable to the results presented here. The
nanopaper properties determine the properties of the
final nanopaper based multi-layer composites,
Fig. 3 SEM images (magnification: 9100 or 9500) of the
fracture site of composites made from CNF (top, left 9100,
right: 9500), CNF/GGM (centre left 9500), CNF/OGG-50
(centre right 9500), CNF/OGG-80 (bottom left 9500) and BC
(bottom right 9500) nanopapers
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allowing predicting the composites properties. It was
found that addition of only 2 wt% of GGM for the
preparation of CNF nanopaper resulted in doubling the
work of fracture of the final composite. This result was
obtained without any chemical pretreatment or syn-
thetic polymers. Since the extraction of GGM from
wood is scalable (Leppa¨nen et al. 2011) this result is
quite interesting. To produce even higher strength, co-
polymers with grafted soft chains like CMC-g-PEG
could be used, but that would at the same time increase
the complexity of the system. It is further noteworthy
that the nanopapers used also significantly improved
the thermal stability of the epoxy composites.
Thermal behavior of nanopapers and nanopaper
composites
The thermal degradation behavior of BC and CNF
nanopapers alone was tested in both nitrogen (Fig. 4,
left) and air (Fig. 4, right) atmosphere. A one-step
degradation regime was observed for all types of
nanopapers in inert atmosphere. During the initial
testing phase between 30 and 150 C, no significant
difference was found for the different CNF nanopa-
pers. Around 5% of moisture was removed for
(modified) CNF nanopapers and the onset of the
thermal degradation took place at around 275–280 C.
This degradation step was attributed to cleavage of
glycosidic linkages of cellulose (USDA 1970). A
smaller amount of moisture (2%) was removed from
BC and the onset of the first degradation step occurred
at 320 C. This difference can be explained by a
higher degree of crystallinity of BC (72 ± 1%)
compared to CNF (60 ± 5%) (O¨sterberg et al.
2013), which is due to the absence of residues of
lignin and hemicelluloses (Lee et al. 2012c). A char
residue at 600 C of 12 and 13% was found for OGG-
50 and OGG-80 modified CNF, respectively. For
GGM modified CNF it was 16% and BC and
unmodified CNF had a char residue of 17%.
In air atmosphere again around 5 and 2%, respec-
tively, of moisture was removed between 30 and
150 C for CNF and BC nanopapers, respectively. The
first degradation step, attributed to the degradation of
low-molecular weight glycosidic compounds (Cheng
et al. 2009; Seifert et al. 2004), occurred around
250 C for all the CNF nanopapers tested. For BC this
temperature was higher (300 C), similar to results
reported in literature (Lee et al. 2012c). The second
degradation step, attributed to the degradation of pyran
structures, started for all types of CNF and BC
nanopapers around 450 C. Only minor deviations
were found for modified CNF nanopapers; all modi-
fied nanopapers were completely degraded at 500 C.
The thermal decomposition of composites is shown
in Fig. 5. Similar to the pure nanopapers, a one-step
degradation regime was observed for all types of
composites in inert atmosphere (Fig. 5, left). This
demonstrated that the overall thermal behavior was
mainly governed by the nanopapers, which constitute
Fig. 4 TGA under nitrogen (left) and air (right) of CNF and BC
nanopapers. CNF (green full line), CNF ? GGM (blue dashed
line), CNF ? OGG-50 (orange dash-dotted line),
CNF ? OGG-80 (red dash-double dotted line) and BC (black
narrow dashed line). (Colur figure online)
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the majority of the composites. However, during the
initial degradation phase between 30 and 150 C, only
around 3% (compared to 5% for the CNF nanopapers)
of moisture was removed for CNF composites. This
was attributed to the increased overall hydrophobicity
caused by the epoxy matrix. For BC composites this
value (2%) was similar to the pure BC nanopaper. The
onset of thermal degradation of CNF composites
occurred at around 270 C, comparable to the CNF
nanopapers. For BC composites, the degradation
commenced at 300 C, which was slightly lower than
for pure BC nanopapers. Final degradation was found
to be somewhat different for the different sets of
polysaccharide phases within the CNF nanopaper. A
char residue at 600 C of 19–22% was found for the
various types of composites, thus being slightly higher
than for the pure nanopapers and the epoxy resin alone.
In air atmosphere (Fig. 5, right), regarding removal
of moisture, the same tendencies for differences
between nanopapers and composites were found as
in nitrogen. The first degradation step occurred at
270 C (compared to 250 C for CNF nanopapers),
demonstrating the influence of the protecting epoxy
matrix. Between (modified) CNF samples, no obvious
difference was observed. For BC composites the onset
temperatures of the first degradation step occurred at
293 C, which was similar to pure BC nanopapers.
Also for the onset of the second degradation step
around 430 C, hardly any deviations were found for
the composites containing modified CNF nanopapers.
For BC composites the onset of the second degrada-
tion step occurred at 450 C, similar to those of the
pure nanopapers and higher compared to CNF com-
posites, which again was ascribed to the higher degree
of crystallinity of BC. All the composites were
completely degraded around 500 C. The cured epoxy
resin starts decomposing at 350 C and was com-
pletely degraded at 650 C.
In Fig. 6, the degradation of composites containing
GGM modified CNF and BC, respectively, in inert
atmosphere is contrasted to the degradation of the
corresponding nanopapers. Furthermore, a theoretical
degradation graph is displayed, constructed from the
degradation of the epoxy resin and the nanopapers,
assuming a resin content of 20%. Only minor differ-
ences between theory and experiment can be observed.
The composites apparently start to degrade at slightly
lower temperatures compared to the nanopaper,
whereas a small increase would be theoretically
expected. This might be due to thermal damage the
nanopaper experiences during the composite produc-
tion at 180 C. Furthermore, a higher than expected
amount of char residue was found. This can be
explained by mutual protection of both nanopaper and
epoxy resin.
Figure 7 shows the degradation behavior of the
pure and modified nanopapers and composites con-
taining GGMmodified CNF and BC nanopapers in air
together with the theoretical degradation graph con-
structed from the degradation of the epoxy resin and
Fig. 5 TGA under nitrogen (left) and air (right) of CNF and
BC-epoxy composites. CNF (green full line), CNF ? GGM
(blue broad dashed line), CNF ? OGG-50 (orange dash-dotted
line), CNF ? OGG-80 (red dash-double dotted line), BC (black
narrow dashed line) and epoxy resin (black dotted line). (Colur
figure online)
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the nanopapers assuming a resin content of 20%. In air
the differences observed were even smaller as in
nitrogen. Just as under inert atmosphere, the first
degradation step starts at slightly lower temperatures
whereas for the second degradation step hardly any
difference was found at all.
Conclusions
Nanopapers prepared from non-pretreated CNF and
water-soluble polysaccharide modified CNF were
used as 2D reinforcement for epoxy resins, utilizing
an easy process allowing for the preparation of multi-
layer laminates with predictable properties. The CNF
nanocomposites were produced by wet lamination and
compared to BC nanopaper composites. Both CNF
and BC nanopapers were successfully processed into
multi-layer composites by lamination with an epoxy
resin followed by curing in a hot-press. Significant
improvements in both mechanical properties and
application temperature were achieved. The mechan-
ical properties of the paper based composites are
determined by the properties of CNF nanopapers.
Fig. 6 TGA under nitrogen of CNF ? GGM (left) and BC
(right) epoxy composites and nanopapers. Nanopaper (green
full line), composite (blue broad dashed line), theoretical
degradation of a composite assuming 20% resin content (red
dash-dotted line) and epoxy resin (black dotted line). (Colur
figure online)
Fig. 7 TGA under air of CNF ? GGM (left) and BC (right)
epoxy composites and nanopapers. Nanopaper (green full line),
composite (blue broad dashed line), theoretical degradation of a
composite assuming 20% resin content (red dash-dotted line)
and epoxy resin (black dotted line). (Colur figure online)
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These improvements could be estimated based on the
mechanical properties of the nanopapers and epoxy
resin matrix. An addition of only 2 wt% of galac-
toglucomannan to CNF resulted in significantly
improved tensile strength (50%) of the nanopaper,
which in turn resulted in a 40% increase of the strength
of the corresponding laminated epoxy composite
containing 80 vol% CNF. Furthermore, the strain at
break and work of fracture also improved. This was
explained by the lubricating effect of the WSPS
affecting crack propagation in the nanopaper. BC
nanopaper composites exhibited even higher tensile
properties as compared to the modified CNF nanopa-
per reinforced composites, which was explained by its
higher degree of crystallinity. Moreover, it was found
that theWSPS hardly affected the thermal degradation
behavior of the CNF nanopapers and the thermal
stability of the nanocomposites was mainly governed
by the thermal behavior of the CNF nanopapers as they
made up around 80 vol% of the composites.
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